ABSTRACT: Biocomposites of polycaprolactones (PCL) and oil palm empty fruit bunch fiber (OPEFB) were prepared and characterized. In order to improve the mechanical properties the biocomposites, the OPEFB was modified by grafting with methyl methacrylate (MMA). The modification of fiber was carried out at 70 C under nitrogen atmosphere by using hydrogen peroxide as an initiator and Fe 2+ as catalyst. Fourier transform infrared spectroscopy analysis showed that, after modification, the OH stretching in the sample was decreased, while the C¼O absorption was increased. The grafted and the ungrafted OPEFB were used to prepare PCL/OPEFB-g-PMMA and PCL/OPEFB biocomposites. The tensile and flexural strength of PCL/OPEFB-g-PMMA composite were improved, indicating good interaction between OPEFB-g-PMMA and PCL. An improvement of impact strength also can be seen in the PCL/OPEFB-g-PMMA composite. The micrographs of the tensile specimens of the fractured surface examined by the scanning electron microscopy demonstrated better adhesion between the grafted OPEFB and PCL.
INTRODUCTION N
OWADAYS, PETROLEUM-BASED RESOURCES are used in most of the composite materials. They are non-degradable polymers where their disposal contributes to many environmental problems that prompt researchers to make an effort to develop biodegradable materials. Unfortunately, the high costs of these materials make it unsuitable for them to be used in industrial scale, compared with commodity plastic. Previous work proved that the cost and properties of the polymers can be improved by introducing lignocellulosic fiber as filler without changing their biodegradability [1, 2] . Natural fibers have proven to be suitable reinforcement materials for composites as they combine good mechanical properties with environmental advantages as they are abundant and biodegradable [3] . Fiber-reinforced composites offer several advantages over other conventional composites since natural fiber is relatively cheap, abundant, and lightweight (lower density) compared to inorganic fillers.
Aliphatic polyester is one of the several classes of polymers, which have been shown to undergo degradation and are considered to be the most economically competitive of the biodegradable polymers. However, their generation is quite limited because some of them show poor mechanical properties together with a high price compared with other commodity plastics. In the family of polyesters, polycaprolactone (PCL) is considered as an ideal biodegradable polymer, with adequate mechanical properties as well as good degradability. PCL is a crystalline flexible polymer, easily miscible with a variety of polymers, and has been used as a plasticizer. However, PCL has its own disadvantage, due to its low melting temperature (60 C). The lack of toxicity and biodegradability open the doors to develop its properties. Without doubt, PCL is a promising material in developing biodegradable products. PCL-based products can be used as soil degradable films or containers, which could contribute to the reduction of 'white pollution' [4, 5] . Many studies have described the use of natural fiber as filler/reinforcing agent in PCL matrices [2, 6] . However, due to poor interaction between natural fiber and PCL, several methods have been used to improve the properties.
Shibata et al. [6] found that the tensile strength of PCL/abaca composites was improved by the abaca fiber surface treatment with acetic anhydride or butyric anhydride in the presence of pyridine. Nitz et al. [7] found that mechanical properties of reinforced PCL compounds based on wood flour and lignin was enhanced with the addition of PCL-g-MA compatibilizer. As flax fiber and wood flour contain similar functional groups, grafting of maleic anhydride onto PCL polymer can be expected to improve the compatibility between flax fiber and PCL matrix.
In this study, oil palm empty fruit bunch (OPEFB) fiber will be used as filler. In order to improve the adhesion between OPEFB and PCL, the OPEFB fiber was made hydrophobic by grafting with hydrophobic monomer, methyl methacrylate. The grafted and ungrafted fibers were then used as filler to made composites with PCL. The effects of fiber loading on mechanical properties of PCL/OPEFB-g-PMMA and PCL/OPEFB composites were studied. The interfacial adhesion or interaction between the filler and the matrix were also investigated by Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM) of the fractured surface of the tensile test.
EXPERIMENTAL Materials
The OPEFB fibers received from Sabutek Sdn Bhd. (Malaysia) was soaked with hot distilled water for 6 h, and then washed with acetone. The fiber was dried in an oven at 60 C until constant weight and then grinded and sieved to size 100200 mm. Analytical reagent grade hydrogen peroxide (H 2 O 2 ) 30% was purchased from Riedel-de Hae¨n (Seelze, Germany). Ammonium ferrous sulfate was obtained from BDH (Poole,UK), and used as received. Methyl methacrylate (MMA) 99% was obtained from Fluka Chemie (Buchs, Switzerland). In order to remove its inhibitor, MMA was passed through a column filled with activated alumina.
Preparation of Grafted Fiber
The graft copolymerization reaction was carried out at 70 C in thermo-stated water bath using 2 L reaction flask with a condenser and mechanical stirrer under nitrogen atmosphere. About 40 g of dried fiber was put into the flask containing 1200 mL of distilled water. The OPEFB slurry was purge with nitrogen gas for 20 min to remove the dissolve oxygen. Then, 60 mL of 2 M hydrogen peroxide (H 2 O 2 ) and 1.6 g of ammonium ferrous (II) sulphate were added to initiate the formation of free radical on the OPEFB fiber. The mixtures were stirred at 70 C under nitrogen atmosphere before adding 60 mL of MMA monomer. The mixtures were stirred for another 2 h. At the end of the reaction period, the product was cooled under running tap water and filtered thoroughly with distilled water. The crude product was oven dried at 60 C to a constant weight.
Removal of Homopolymer
The crude OPEFB grafted poly(methyl methacrylate), (OPEFB-g-PMMA) fiber was purified by soaking in acetone and shaken for 4 h using mechanical shaker at 100 rpm in order to remove poly(methyl methacrylate) homopolymer. The pure OPEFB-g-PMMA was oven dried at 60 C until constant weight was achieved. The percentage of grafting (P g ) and grafting efficiency (G e ) were determined by the following formulas:
where W1 is the weight of original OPEFB in grams, W2 is the weight of the grafted product after copolymerization and extraction, and W3 is the weight of the grafted product after copolymerization and before extraction (grafted product + homopolymer).
Preparation of Composites
The PCL/OPEFB and PCL/OPEFB-g-PMMA composites were prepared by melt blending technique using Haake-Poly Lab system. The formulation used to study the effect of filler for PCL composite is shown in Table 1 .
An appropriate quantity of PCL and fibers according to the chosen formulation were filled into the mixing chamber at 70 C with rotor speed of 50 rpm. The PCL was placed in the mixing chamber and was let to melt for about 2 min. The OPEFB or OPEFB-g-PMMA was then introduced into the chamber and the mixing was continued for another 13 min. The compounded samples were then pressed in hot and cold presses to form a sheet of 1 and 3 mm thickness. The hot press was preheated at 70 C before the blended composite was placed into the mold without applying pressure. When the blend sample melted, pressing process continued for another 5 min at 150 kg/cm 3 of pressure. Next, the hot sheet was transferred into the cooling press for 3 min.
Tensile Properties
Based on ASTM D638, the test pieces of 1 mm were cut into a dumbbell shape to evaluate the tensile properties of the sample. Tensile strength, Young's modulus and elongation at break were measured using Instron Universal Testing Machine model INSTRON 4302 at constant cross-head speed of 5 mm/min and 1 kN load. Seven samples were used for the tensile test and the average values were calculated from five runs for each sample. 
Flexural Test

Impact Test
The Izod impact test was carried out to measure the work of fracture (WOF) of the composite. The test was conducted according to the recommendation of ASTM D256. These rectangular specimens are of thickness 3 mm, 12 mm width, and 64 mm length was hit using a 7 J hammer on a Universal Digital Pendulum Model CEAST machine. A total of seven samples for each specimen were used for the impact test and an average of five values was taken as the result.
FT-IR Analysis
About 12 mg of dry sample was grounded into powder with dry potassium bromide, KBr powder, and pressed into pellet form. The pellet was put into a Perkin-Elmer Model 1650 FT-IR spectrophotometer for analysis. The transmission of infrared spectra was obtained in the range between 400 and 4000 cm À1 at room temperature.
Scanning Electron Micrograph
SEM analysis was performed to investigate the morphology of the grafted and ungrafted OPEFB using model SEM QUANTA 400. In order to avoid charging effect and thermal damage during the scanning, all the samples were coated with a thin layer of gold. The magnification was carried out in the range of 5001000Â for the fibers and 50100Â for the fractured surface of the composites.
RESULTS AND DISCUSSION
Graft Copolymerization
FT-IR ANALYSIS
The presence of PMMA on the fiber was verified by FT-IR spectra of both OPEFB and OPEFB-g-PMMA fibers. Both spectra show a broad absorption band of hydroxyl group around 37003100 cm À1 . This is attributed to OH stretching vibrations of cellulose, hemicelluloses, water absorbed and lignin constituent of OPEFB fiber. As the fiber is being modified, the OH stretching decreased. This is the evidence of the successful modification of the hydrophilic properties of OPEFB to hydrophobic. The C¼O stretching vibration of carboxyl groups in hemicelluloses and lignin in OPEFB can be seen at peak near 1730 cm À1 of OPEFB spectra. The increased intensity of C¼O peak at wavelength 1730 cm À1 in the OPEFB-g-PMMA spectrum also provides strong evidence of grafting. The increase in intensity of C¼O peak is due to the presence of an ester group from MMA that is attached onto the fiber. The presence of aromatic or benzene ring in lignin can be seen at 16001400 cm À1 for both spectra. The absorption band near 14001300 cm À1 may attribute of aliphatic or aromatic (CH) in the plane deformation vibration of methyl, methylene, and methoxy groups. The CO stretching vibration of aliphatic primary and secondary alcohols in cellulose, hemicelluloses, lignin, primary and secondary aromatic alcohols in lignin can be seen in band region of 13001000 cm À1 [8, 9] .
SCANNING ELECTRON MICROGRAPH
SEM was employed to study the surface of unmodified and modified fiber and also the tensile fractured surfaces of the composites. The surface of OPEFB has a rough groove-like structure that may be attributed from the removal of intercellular binding material. The surface of OPEFB-g-PMMA was smooth due to the grafting process that covered the surface of the fiber homogeneously by PMMA. This synthetic polymer is strongly attached onto the fiber surface because it is chemically bonded [8] .
COMPOSITE PREPARATION
Composite of OPEFB/PCL and OPEFB-g-PMMA/PCL with various formulation as formulated in Table 1 were successfully prepared using internal mixer. The mechanical properties of grafted and ungrafted composites were compared to investigate whether grafting managed to improve adhesion of the PCL to the OPEFB.
TENSILE PROPERTIES
The effect of fiber loading on the tensile strength of PCL/OPEFB and PCL/ OPEFB-g-PMMA was depicted in Figure 1 . The tensile strength of PCL/OPEFB composites decreased with the increased of fiber loading indicating poor adhesion or interaction between PCL and OPEFB. The stress is not transferred from PCL to the stronger fiber. Modification of the fiber by graft copolymerization with PMMA improved the adhesion between OPEFB and PCL as indicated by the increase of tensile strength with fiber loading in PCL/OPEFB-g-PMMA composites. Grafting OPEFB with PMMA made OPEFB fiber hydrophobic, thus improved the adhesion bonding between fiber surface and PCL matrix.
As shown in Figure 2 , tensile modulus for grafted and ungrafted PCL/OPEFB composites increased with the increase of fiber loading. Addition of stiff filler improves the stiffness of the composites since PCL inherent the stiffness of OPEFB. However, lower values were observed for OPEFB-g-PMMA reinforced PCL blends. This may be due to miscibility of PCL with grafted fiber that reduced the stiffness of the composites. As shown in Figures 1 and 2 , addition of OPEFB-g-PMMA to PCL improved tensile strength without increasing the stiffness of the composite [10] .
FLEXURAL TEST
Modification of OPEFB by graft copolymerization also improved the flexural strength of the PCL composites as shown in Figure 3 . The flexural strength of PCL/ OPEFB-g-PMMA composites increased with the increase of filler loading whereas for PCL/OPEFB composites, the flexural strength decreased with the increase of fiber loading. This result revealed that modification of OPEFB by graft copolymerization with PMMA reduced the hydrophilic properties of OPEFB, thus improving the interfacial interaction between PCL and OPEFB. This leads to increase the efficiency of stress transfer between PCL and OPEFB-g-PMMA [11] .
The flexural modulus increases steadily with the increment of OPEFB and OPEFB-g-PMMA contents as shown in Figure 4 . Flexural modulus of unmodified fiber composites was slightly higher than modified one. There are many factors affecting the modulus of the composites such as filler content, modulus and aspect ratio. The elastic moduli of fibers, for instance are expected to increase with increasing degree of molecular orientation [12] . 
IMPACT TEST
The effect of fiber loading on the impact strength is shown in Figure 5 . The impact strength for both composites decreased as the fiber loading increased. The used OPEFB-g-PMMA as fillers improved the impact strength since grafted OPEFB is more compatible with PCL compared to OPEFB. The reduction of impact strength with the increased of fiber loading may be due to the destruction of polymer arrangement by the filler. 
SEM OF THE TENSILE FRACTURE SURFACES
The fractured surface of unmodified fiber composite was rougher compared with the grafted fiber composite, which is smoother and well flows composite. The SEM micrographs of ungrafted fiber composites show the presence of holes that indicate the fiber being pulled out. This would be due to poor adhesion between the fiber and the composite. It proved that the fibers were merely attached with the PCL that associated from the poor wetting of the fiber which lead to the poor interfacial adhesion between the PCL and OPEFB. The fracture surface of PCL/OPEFB-g-PMMA composites revealed OPEFB fractured together with PCL indicating good adhesion between grafted OPEFB and PCL. The observation explained why the tensile strength of PCL/OPEFB is lower than PCL/OPEFB-g-PMMA composites.
CONCLUSION
OPEFB fiber had been successfully modified by graft copolymerization with MMA. The grafted OPEFB is more hydrophobic than the ungrafted fiber. The SEM micrograph and FT-IR spectra confirmed the presence of PMMA onto the OPEFB. The grafted fiber does contribute to the improvement of interfacial wetting between the fillers and the matrix. The enhancement of tensile strength, flexural strength and impact strength with increase of filler loading indicates OPEFB-g-PMMA fiber has the potential to improve the mechanical properties of the blends. Young's modulus of grafted fiber gives slightly lower result than unmodified fiber which could lead to a flexible composite that is not easy to break and have a high tensile strength. SEM analysis confirmed that the improvement of interfacial adhesion between the grafted fiber and the matrix compared to the ungrafted fiber.
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